ABSTRACT Nasicon solid electrolytes were tested by immersion in liquid sodium around 300°C. The electrolytes were found to degrade due to chemical reaction with sodium. This reaction changes the lattice parameters of the electrolytes sufficiently to cause fracture. While the rapidity with which the degradation occurs depends on the electrolyte preparation method, the results indicate that a chemical stabilization of Nasicon towards sodium should be sought to make it a useful electrolyte.
INTRODUCTION
Nasicons Na1+xSixZr2P3-x012' were first identified by Hong et al. (1) as possible alternatives to sodium-S and S" solid electrolytes. One important aspect of these ceramic electrolytes is the necessity for chemical stability towards the battery electrodes. It has been noted that while ionic resistivities of a few Ohm-em can be readily achieved, many Nasicons appear to degrade and crack rapidly when in contact with molten sodium at temperatures around 300°C. The present paper reports the nature of this chemical degradation for specimens with x ~ 2.
EXPERIMENTAL
Nasicon powders with a composition Na3Zr2Si2P012 (x = 2) and with a recently proposed new composition (2) Na3.1Zr1.55Si2.3P0.7011 were fabricated by a sol-gel method. The samples were sintered for 24 hours at 1220°C in air, packed in powder of the same composition. Typically, densities around 95% theoretical were achieved. The polished specimens were then immersed in sodium, kept at 300°C, for periods up to two weeks. These immersions were carried out in a glove box under argon with less than 5 ppm of oxygen. Some oxidation of the sodium appeared unavoidable, so that the oxygen fugacity in the sodium should be put around 10-60 atm (Na/Na 2 o equilibrium).
Attempts were made to characterize the microstructures of some electrolytes with transmission electron microscopy at 100 and at 650 kV. However, it was found that Nasicons are very radiation sensitive, precluding a meaningful analysis.
Powdered samples of the specimens were prepared before and after immersion and were examined by X-ray diffractometry. NaCl powder was used as a lattice parameter reference.
RESULTS AND DISCUSSION

X-ray examinations
The X-ray diffractograms from as prepared (A) and immersed (B) material were fitted to a monoclinic and a rhombohedral unit cell. For the rhombohedral phase only single reflections should be observed, while for the monoclinic phase the reduction in symmetry leads to a splitting of the X-ray reflections. This relation between the monoclinic arid rhombohedral unit cells is described in Appendix A. A slight splitting of diffraction peaks was observed for the untreated electrolytes of both _compositions. However, all main peaks matched the rhombohedral structure well. This indicates that the samples were actually a mixture of rhombohedral and monoclinic phases. A comparison of the diffractograms of as prepared (A) and immersed (B) Na3Si2Zr2P012 and Na3.1Zr1.55Si2.3P0.7011 is shown in Fig. 1 , illustrating the shifts in the reflections. The data are summarized in Tables I and II . A small amount of Zr02 was also detected. The changes in the unit cell parameters that were calculated from the data presented in Tables I and II have been listed in Table III . The monoclinic phases are actually quite close in structure to the rhombohedral ones, as can be observed by comparing columns 2 and 3 in Table II . For Na3Zr2Si2P012 the reaction with sodium causes a unit cell volume expansion of 2.4%. For Na3.1Zr1.55Si2.3Po.7011 reaction with sodium leads to the formation o~ only the rhombohedral phase. While the a and c lattice parameters are affected, the overall unit cell volume decreases by only 0.1%.
The findings indicate that reaction with metallic sodium increases the sodium content of Nasicon electrolytes. This is compatible with the structural data of Hong (1) where, for an increasing sodium content, up to x = 2.2, the unit cell volume first increases and then decreases again for
The changes in the lattice parameters should lead to cracking of the electrolyte, either by volume expansion of the unit cell for x = 2, or by local stresses induced by the anisotropic lattice parameter changes for X = 2.2.
Transmission electron microscope observations.
The thinned, as prepared Nasicon with x = 2 was examined by transmission electron microscopy at accelerating voltages of 100 and 650 kV. Rapid damage was observed although the damage rate decreased with increasing acce·lerator voltages. This permitted the observation of the general ) ,.) A -as prepared B = after immersion V = unit cell volume referred to rhombohedral cell microstructure of a sintered sample at 650 kV, as shown in Fig. 2a . The contrast indicates that the individual grains, which are on the order of 0.5 ~m, are heavily faulted. A meaningful analysis was, however, not possible, since the sample was made completely amorphous by the electron beam in less than 60 sec, Fig. 2b . Interestingly, the amorphous relic structure showed an image contrast that outlined the boundaries of the original crystalline structure. The nature of some of these grain boundary relics seems to suggest that some grain boundary phase might have been present. This could, however, not be established with certainty. -. -8 -
. . Structure of chemically degraded Nasicons
Afte~ tHo Heeks of immersion, the mechanical strength of the Nasicons had decreased dramatically, and a layer of brown discoloration had proceeded from the sample surface.
An optical micrograph of a chemically degraded Nasicon, x = 2, is shown in Fig. 3 . Discoloration as well as crac king has occured. The electrolyte shows many cracks that are intersecting each other nearly perpendicularly . Such crack patLerns can also be found in glazes that do not match the substrate thermal expansion (3). This crack pattern can thus be seen as evidence for the degradati on of Nasicon by the stresses introduced by the lattice parameter changes.
Scanning electron microscopy of fracture regions of chemically attacked I~asicon surfaces are shown in Fig . 4 . The detailed morphology of the degradation and microcrack pattern suggests that the chemical attack proceeded preferentially along grain boundaries. The distortion of the rhombohedral structure towards a non-equivalent monoclinic structure leads to a lowering of the cell symmetry and thus to a diffraction peak splitting. The previously equivalent monoclinic reflections are then no longer equivalent, and a diffraction peak splitting should then occur. The correspondence has been indicated in Table III . Reference to a company or product name does not imply approval or recommendation of the product by the University of California or the U.S. Department of Energy to the exclusion of others that may be suitable.
